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1 .  SUMMARY 


Objectives:  Arc  discharges  on  exposed  spacecraft  dielectric  materials 
can  occur  as  a  result  of  charge  accumulation  from  the  energetic  electrons 
and  ions  which  are  always  present  in  synchronous  orbit  and  which  represent 
an  increased  danger  to  spacecraft  systems  under  "magnetic  storm"  conditions. 

The  main  objective  of  this  research  is  to  use  laboratory  measurements  and 
theoretical  computations  to  evaluate  the  variation  in  arc  discharge  strength 
as  a  function  of  dielectric  material  thickness,  under  exposure  to  mono- 
energetic  electron  beams  and  low-energy  ions. 

Results:  A  study  of  arc  discharge  strength  was  carried  out,  emphasizing 
its  variation  with  the  thickness  of  the  dielectric-sheet  specimens  which  had 
been  exposed  to  an  incident  20  keV  electron  beam  at  a  current  density  of 
2S  nA/cm2 .  It  was  found  that  there  exists  a  "worst"  thickness  around  50  um, 
a  thickness  at  which  the  peak  current  and  the  energy  released  into  a  load 
resistor  are  maximized.  The  addition  of  a  low-energy  ion  beam  was  found  to 
reduce  discharge  strength  without  significantly  altering  thickness-scaling. 

Also,  experimental  evidence  was  presented  for  a  new  effect  called  the  "ion  spot 
phenomenon",  in  which  the  incident  ions  are  focussed  into  a  central  spot  which 
then  glows  due  to  electron-impact  luminescence.  This  work  is  all  described  in 
a  paper  to  be  published  (by  Balmain,  Battagin  and  Dubois),  which  is  attached 
to  this  report  as  the  Appendix. 

The  first  stage  in  the  analysis  of  the  ion  spot  phenomenon  has  been 
carried  out  and  is  described  in  this  report.  A  two-dimensional  analysis  reveals 
complex  ion  trajectories  which  produce  not  only  a  strip  (equivalent  to  a  spot) 
of  ion  deposition,  but  also  are  such  as  to  produce  a  spot  with  very  sharply 
defined  edges,  just  as  observed  experimentally. 

As  for  the  spacecraft-charging  experimental  facility,  a  chamber  capable 
of  holding  specimens  up  to  30  cm  diameter  has  been  completed.  Arc  discharges 
of  700  A  peak  have  been  recorded  for  the  largest  specimens,  and  a  system  for 
making  surface  potential  measurements  has  been  tested. 

Interactions:  The  Principal  Investigator,  K.G.  Balmain,  attended  the 
IEEE  Nuclear  and  Space  Radiation  Effects  Conference,  held  in  Monterey, 
California,  July  22-24,  1985.  He  presented  the  paper  "Thickness  Scaling  for 
Arc  Discharges  on  Electron-Beam-Charged  Dielectrics",  by  K.G.  Balmain,  A. 
Battagin,  and  G.R.  Dubois,  the  final  publication  version  of  which  is  in  the 
Appendix . 
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3.  ANALYSIS  OF  THE  ION  SPOT  PHENOMENON 
G.  McKeil 


3 . 1  Introduction 


Theoretical  investigations  have  been  undertaken  into  the  effect  of  the 
inclusion  of  positive  ions  with  the  incident  electron  beam  during  dielectric 
charging.  Earlier  [1]  and  concurrent  [2]  work  here  has  shown  that  the  in¬ 
troduction  of  ions  at  relative  current  densities  comparable  to  those  exist¬ 
ing  in  the  magnetosphere  (about  10%  of  the  electron  current  density)  results 
in  a  reduction  in  strength  or  elimination  of  electrical  discharges.  Further, 
evidence  was  seen  [2]  to  indicate  that  strong  focussing  of  the  incident  ions 
was  occurring.  The  ions  appeared  not  to  be  deposited  over  the  entire  di¬ 
electric  surface  but  to  be  concentrated  on  a  small  central  "spot".  This  "ion 
spot"  was  stable  in  location  and  general  features,  and  had  a  very  definite 
and  sharp  boundary.  A  more  gradual  and  continuous  transition  between  regions 
of  high  and  low  ion  concentration  might  have  been  expected,  if  spot  formation 
had  been  predicted. 

As  a  first  step  in  theoretical  investigations,  the  ion  trajectories  and 
resultant  ion  beam  focussing  are  studied  numerically  for  low  energy  ions  in 
the  field  of  a  simplified  charge  distribution  representative  of  those  thought 
to  exist  on  exposed  dielectrics .  A  2-dimensional  geometry  with  constant 
surface  charge  density  is  used.  To  simulate  the  laboratory  work,  low  energy 
lithium  ions  are  used.  Subsequently,  protons  are  substituted.  It  is  shown, 
however,  that  the  trajectories,  and  hence  the  focussing,  of  ions  with  equal 
initial  energy  are  independent  of  the  ion  mass.  Further,  the  paths  are 
shown  to  be  independent  of  ionic  charge  and  average  dielectric  charge  density, 
provided  the  initial  energy  of  the  ions  is  scaled  in  a  prescribed  manner. 

The  simple  model  used  results  in  a  profile  of  the  ion  density  incident 
at  the  dielectric  surface  which  displays  the  essential  features  of  the 
laboratory  observations.  The  ion  spot  with  sharp  edges  is  reproduced.  The 
profile  pattern  is  also  found  to  be  stable  over  a  wide  range  of  simulation 
parameters.  The  mechanism  by  which  smoothly  varying  ion  trajectories  produce 
the  discontinuous ly  sharp  ion  spot  is  found  and  discussed.  A  model  is 
proposed  to  describe  the  effect  of  the  inclusion  of  ions  on  the  external 
electric  field.  In  this  model,  the  main  result  is  the  production  of  a  region 
where  the  negative  charge  due  to  the  electrons  is  substantially  or,  for  a 
large  class  of  situations,  exactly  neutralized.  The  remaining  dielectric 
surface  is  affected  to  a  much  lesser  degree. 

3.2  Results  and  Analysis 

The  charge  distribution  used  to  represent  the  surface  charge  on  exposed 
dielectrics  is  a  constant -width,  infinitely  long  ribbon  of  surface  charge  of 
uniform  density  held  in  free  space  over  a  grounded  plane.  This  is  intended 
to  model  the  charge  distribution  which  exists  on  a  long  strip  of  dielectric 
lying  on  a  grounded  metal  substrate  after  exposure  to  an  electron  beam.  The 
steps  used  to  arrive  at  this  model  are  illustrated  in  Figure  1.  Effects  due 
to  the  finite  length  of  the  dielectric  strip  and  extent  of  the  metal  sub¬ 
strate  are  ignored.  The  ground  plane  is  replaced  by  the  image  charges,  and 


the  charge  on  the  dielectric  is  replaced  by  the  equivalent  free  space  dis¬ 
tribution.  The  side  edge  faces  of  the  dielectric  would  be  in  the  shadow  of 
the  beam  and  the  fields  there  would  be  predominantly  perpendicular  to  the 
grounded  plane.  Therefore  the  free  and  bound  charge  on  these  side  faces 
would  be  relatively  small  and  is  neglected.  The  resultant  ribbon  of  surface 
charge  in  free  space  is  taken  as  a  first  approximation  to  be  of  uniform 
density.  The  image  force  of  the  ion  in  the  ground  plane  is  also  included. 

This  force,  however,  can  be  shown  to  be  insignificant.  This  model  and  some 
of  the  computer  code  used  are  extensions  and  modifications  of  work  by  R.O. 
Reeves  [3} .  The  electric  potential  at  the  dielectric  surface  is  the  physical 
quantity  monitored  to  establish  the  appropriate  range  of  charge  densities  to 
be  used. 

A  common  dielectric  sheet  thickness  of  SO  urn  is  used.  A  low  value  of 
10  eV  was  chosen  for  the  initial  ion  beam  energy.  Scaling  analysis,  however, 
is  used  to  show  that  results  for  energies  ranging  from  .7  to  700  eV  may  be 
inferred.  Free  space  charge  densities  ranging  from  -1  to  1000  nC/cm2  are 
used  resulting  in  surface  potentials  from  -.06  to  -56  kV  respectively. 

Results  are  presented  mainly  in  two  forms,  the  ion  trajectories  and  the 
resultant  focussing  profile.  The  orientations  of  the  y  and  z  coordinate 
axes  used  are  shown  in  Figure  1.  Also  included  with  the  trajectory  plots  is 
a  rough  plot  of  the  potential  across  the  strip  at  its  surface  level.  Figure 

2  shows  a  wide  view  for  a  typical  trajectory  plot.  For  clarity  of  display 
only  half  of  the  trajectories,  those  originating  to  the  left  of  centre,  are 
shown.  The  remainder  can  be  inferred  by  symmetry.  The  potential  at  surface 
level  is  shown  by  the  lightly  dotted  line,  with  the  scale  to  the  right.  The 
position  of  the  dielectric  strip  is  indicated  on  the  horizontal  base  axis  by 
two  small  dotted  arrows. 

The  details  of  focussing  are  better  seen  with  a  narrower,  judiciously 
chosen,  scale,  but  the  wide  view  of  Figure  2  shows  the  outer  trajectories. 
Notable  is  the  region  where  the  ions  completely  rebound.  The  dipole-like 
fields  and  the  low  ion  energies  produce  this  effect.  The  image  forces  of  the 
ion  in  the  ground  plane  are  included  but  are  insignificant  and  cannot  over¬ 
come  the  repulsion. 

The  effect  of  varying  the  dielectric  strip  width  is  shown  in  Figures 

3  to  12.  Here  the  trajectories  and  the  ion  focussing  at  the  dielectric 
surface  are  displayed  for  various  strip  widths.  These  plots  are  the  results 
for  lithium  ions  with  an  initial  energy  of  10  eV  over  50  ym  thick  samples 
charged  to  the  free  space  equivalent  of  -70  nC/cm2  producing  a  surface 
potential  of  -4  kV.  Five  strip  widths  are  included;  5,  15,  25,  50  and  100 
millimeters.  The  ion  spot  becomes  more  sharply  defined  as  the  width  increases. 
The  central  region  of  high  ion  focussing  surrounded  by  lower  ion  density 
constitutes  the  ion  spot.  The  spot  boundary  is  seen  to  be  very  sharp. 

Figure  13  shows,  for  a  typical  case,  the  relationship  between  the  initial 
ion  position  in  the  direction  parallel  to  the  dielectric  surface  ("INITIAL  Z") 
and  the  final  position  when  the  ion  strikes  the  dielectric  ("FINAL  Z") .  The 
figure  also  illustrates  how  this  position  curve  compares  with  the  location  of 
the  ion  spot.  The  position  curve  is  produced  by  cubic-spline  interpolation  of 
the  values  obtained  from  the  individual  trajectories.  The  plot  of  the  ion 
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positions  is  continuous,  as  would  be  expected,  and  has  no  sudden  jumps . 

However,  due  to  the  reversal  points,  as  indicated  on  the  figure,  this  smooth 
curve  produces  the  concentrated  ion  spot  with  its  discontinuously  sharp 
edges.  The  local  ion  density  at  the  surface  of  the  dielectric  is  propor¬ 
tional  to  the  absolute  value  of  the  slope  of  the  position  curve  as  drawn. 

For  areas  between  the  reversal  points,  ions  are  incident  from  three  separate 
initial  regions  and  the  sum  must  be  taken.  In  addition,  the  reversals 
necessitate  steep  slopes  and  hence  high  ion  densities  in  the  ion  spot  region. 

The  slopes  at  the  reversal  points  themselves  are  infinite!  These  factors 
result  in  the  ion  spot  receiving  a  total  ion  density  much  greater  than  the 
surrounding  dielectric.  Furthermore,  the  reversal  points  provide  the 
mechanism  for  absolutely  sharp  spot  boundaries.  Any  "monotonic"  position 
curve  would  result  in  gradual  transitions,  as  in  the  5  and  15  cm  strip  width 
cases  of  Figures  3  to  6.  It  can  be  said  that,  once  the  reversal  is  established, 
the  smoother,  more  gradual  the  position  curve,  the  sharper  and  the  more  intense 
the  ion  spot. 

The  ion  spot  formation  is  found  to  be  stable  over  a  wide  range  of  surface 
charge  densities  and  potentials.  Results  are  presented  in  Figures  14  to  27 
for  lithium  ions  with  initial  energy  of  10  eV  over  charge  distributions  of 
width  50  mm  placed  50  urn  above  the  ground  plane.  Free  space  charge  densities 
of  -1,  -5,  -10,  -70,  -200,  -400,  -1000  nC/cm2  are  used  resulting  in  surface 
potentials  of  about  -.06,  -.3,  -.6,  -4,  -11,  -22,  and  -56  kV.  Over  this  range 
of  three  orders  of  magnitude,  only  in  the  case  of  the  least  charge  density 
does  the  ion  spot  begin  to  break  down. 

To  simulate  conditions  encountered  by  spacecraft  in  orbit,  studies  were 
done  with  the  lithium  ions  replaced  by  protons.  Results  for  10  eV  protons 
over  a  few  charge  configurations  are  presented  in  Figures  28  to  33  .  Compari¬ 
son  of  these  plots  with  the  plots  in  Figures  14  to  27  for  lithium  ions  over 
the  same  charge  configurations  shows  that  the  results  are  identical.  This  is 
due  to  the  general  fact  that  the  paths  of  charged  particles  of  like  sign  in  a 
static  electric  field  are  independent  of  the  particle  mass.  To  derive  this 
and  other  conditions  for  path  degeneracy,  consider  the  equation  and  initial 


conditions  below. 
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is  a  unit  vector 

If  X(t)  is  the  solution  to  equation  (1),  what  is  the  solution  to  the 
related  problem  below? 

x(t)  =  a2  F(x) 

x(0)  =«Vvo  ,  x(0)  =  XQ 


(2) 


The  solution  to  equation  (2)  is 


x'(t)  =  X(at)  . 

This  can  be  easily  verified  by  substitution.  This  result  is  now 
applied  to  ions  falling  over  a  charge  distribution.  Take_  f(x)  to  be  the 
electric  field  due  to  some  static  charge  distribution,  p(x),  with  unit 
average  charge  density.  Consider  two  ions,  charges  q,  q’,  and  masses  m,  m', 
travelling  over  charge  distributions  Cp(x),  C'p(x),  respectively,  where 
C,  C'  are  the  average  charge  densities.  The  fields  involved  are,  by  super¬ 
position,  Cf(x),  and  C'f(x).  The  parameters  are  restricted  so  that  (Cq) 
and  (C'q')  are  non-zero  and  have  the  same  sign.  In  this  analysis,  we 
neglect  the  ion  images  in  the  ground  plane.  This  force  for  our  case  of 
interest  is  insignificant  except  when  the  total  surface  charge  is  comparable 
to  the  charge  of  the  ion;  a  ridiculously  tiny  surface  charge.  The  equations 
governing  the  motion  are, 

X(t)  =  £  Cf (X) 

X(0)  =  V  v  =  V 

X(0)  =  x0 

and 

x  (t)  *  a,  cf (x  ) 
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The  resultant  paths  will  therefore  be  identical  provided  the  initial 
conditions  scale  as  required;  namely. 
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It  can  be  seen  from  equation  (3)  that  the  paths  of  ions  of  equal  initial 
energy  and  charge  will  be  independent  of  the  ionic  mass.  In  addition,  varia¬ 
tions  in  initial  energy,  ionic  charge,  and  overall  charge  density  (or,  equiva¬ 
lently,  electric  field  or  potential)  magnitude  are  shown,  through  equation 
(3),  to  be  interchangeable,  as  far  as  resultant  ion  trajectories  and  focuss¬ 
ing  are  concerned.  A  caution  is  expressed  at  this  point.  The  paths  taken 
by  ions  have  been  shown  to  be  the  same,  but  the  speeds  at  which  these  paths 
are  traversed,  of  course,  vary.  Furthermore,  because  the  impact  energies 
are  different,  the  secondary  emission  and  sputtering  properties  will  also  vary 
greatly,  and  the  net  charge  deposition  will  vary.  Nevertheless,  the  ion  spot 
will  cover  the  same  region  and  retain  its  sharp  edges.  More  is  said  about 
this  in  the  concluding  section. 


A  demonstration  of  the  scaling  equivalence  of  initial  ion  energy  and  over¬ 
all  surface  charge  density  is  included  as  Figures  34  and  35.  For  the  -1  nC/cm2 
case,  as  in  Figures  26  and  27,  the  initial  energy  was  rescaled  to  produce  the 
same  trajectories  as  the  -70  nC/cm2  case,  as  in  Figures  20  and  21.  The  initial 
energy  was  rescaled  via  equation  (3)  as  below. 
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Comparison  of  Figures  34  and  35  with  Figures  20  and  21  shows  that  the  tra¬ 
jectories  and  focussing  are  identical. 

Using  the  scaling  law  of  equation  (3),  Figures  14  to  27  may  be  viewed, 
not  as  results  for  surface  charge  variation,  but  for  variation  of  initial  ion 
energy.  Using  the  -70  nC/cm2  case  as  standard  and  scaling  the  others  to  it, 
the  results  obtained  using  a  10  eV  initial  energy  with  charge  densities  of 
-1000,  -400,  -200,  -70,  -10,  -5,  and  -1  nC/cm2  are  equivalent  to  results  for 
a  -70  nC/cm2  charge  density  with  initial  energies  of  .7,  3.5,  10,  70,  140, 

280,  and  700  eV  respectively.  Thus  the  ion  spot  formation  is  shown  to  be 
stable  over  a  wide  range  of  initial  ion  energies  for  this  charge  configuration. 

3.3  Conclusions 


Using  a  simplified,  two-dimensional  model  of  the  surface  charge, 
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positively  charged  ions  incident  on  an  electron-beam-charged  dielectric  sheet 
shown  to  focus  to  a  central  region  of  high  concentration  with  the  remaining 
dielectric  surface  receiving  a  much  lower  and  uniform  ion  current.  The  boun¬ 
daries  of  this  spot  of  high  concentration  are  extremely  sharp.  The  mechanism 
for  the  creation  of  the  ion  spot  with  sharply  defined  edges  is  found  in  the 
dynamics  of  the  ion  trajectories  in  the  electric  field  above  the  dielectric 
surface.  This  mechanism  is  sufficiently  general  that  the  existence  and 
features  of  the  ion  spot  are  stable  over  a  wide  range  of  incident  ion  energies 
and  dielectric  surface  charge  densities  and  strip  widths,  as  is  demonstrated. 
Further,  the  ion  trajectory  dynamics  are  shown  to  scale  with  ion  mass,  leaving 
the  ion  spot  unaffected.  Additional  scaling  rules  are  also  found. 

The  effect  of  the  ion  spot  is  to  produce  a  region  in  which  the 
charge  due  to  the  electron  beam  is  substantially  neutralized.  The  high 
focussing  of  ions  at  the  ion  spot  and  the  additional  reduction  of  negative 
charge,  not  considered  here,  due  to  impact  emission  of  electrons  will  effec¬ 
tively  eliminate  much  or  all  of  the  charge  due  to  the  electron  beam.  However, 
no  positive  charge  will  build  up  in  the  ion  spot  region  due  to  the  abundance 
of  low  energy  secondary  electrons  present  during  dielectric  exposure.  These 
secondary  electrons  will  migrate  to  any  positive  potential  and  pin  it  at  a 
low  value.  Experimental  verification  of  this  prevention  by  secondary  elec¬ 
trons  of  positive  potentials  has  been  reported  in  the  literature  [4] . 

For  many  situations,  the  incident  ion  density  and  the  secondary  electron 
emission  rate  is  greater  than  the  primary  electron  density.  For  such  cases, 
exact  charge  neutralization  will  occur  at  the  ion  spot.  That  is,  the  surface 
potential  will  be  held  to  nearly  exactly  zero  volts.  The  exact  profile  and 
magnitude  of  the  focussing  at  the  ion  spot  is  therefore  of  little  importance 
for  this  class  of  situations.  Further,  the  importance  of  the  exact  ion 
impact  emission,  dependent  as  it  is  on  impact  energy,  mass,  and  angle,  will 
be  greatly  reduced.  The  position  and  sharp  boundaries  of  the  ion  spot  define 
a  region  of  complete  neutralization,  regardless.  This  increases  the  signifi¬ 
cance  of  the  scaling  properties  of  the  ion  spot,  particularly  the  pattern 
independence  with  the  ion  mass.  Equivalence  of  ion  trajectory  solutions  is 
reflected  as  an  equivalence  in  the  neutralization  region. 

For  the  purpose  of  external  field  modelling,  the  ion  effect  on  the  net 
surface  charge  distribution  on  dielectrics  exposed  to  an  electron  beam  is 
thus  expected  to  have  two  general  features.  Primarily,  a  region  with  sharply 
defined  boundaries  is  produced  where  in  the  electron  charge  is  substantially 
reduced  or,  for  a  class  of  situations,  exactly  neutralized.  Secondly,  a  low, 
even  density  of  ions  is  deposited  over  the  remainder  of  the  dielectric  surface 
A  more  complete  model,  including  particularly  the  effect  of  the  ion  neutrali¬ 
zation  on  the  trajectories  of  subsequently  incident  ions,  will  certainly  show 
variation  in  the  exact  ion  spot  size  and  shape.  However,  the  spot  pattern 
has  been  shown  to  be  robust,  surviving  wide  variation  of  the  simulation  para¬ 
meters.  Scaling  laws  exist  to  confirm  this  stable  behaviour.  The  mechanism 
responsible  for  the  sharp  edges  is  simple  and  basic.  Further,  as  discussed 
in  this  section,  for  many  cases  the  results  are  independent  of  the  exact  ion 
density  and  secondary  emission  parameters.  For  these  reasons,  the  general 
features  of  the  ion  spot  are  expected  to  be  present  in  more  complicated  charg¬ 
ing  situations. 
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4.  'experimental  evaluation  of  the  electrostatic  probe 

G.R.  Dubois 

The  electrostatic  probe  (Trek  Model  340  HV)  has  been  modified  to  mount 
inside  the  chamber  as  shown  in  Figures  36  and  37.  The  probe  itself  has  been 
placed  inside  a  grounded  aluminum  case  to  protect  it  from  the  e-beam.  The 
cable  leading  to  the  probe  connects  to  an  electrical  feedthrough  and  runs  in¬ 
side  a  grounded  aluminum  tube  to  the  probe  head.  The  probe  head  is  mounted 
on  an  arm  which  is  connected  through  a  transmission  assembly  and  rotational 
feedthrough  and  allows  the  probe  to  be  swung  across  the  sample  surface  in  an 
arc  by  manually  adjusting  the  rotational  feedthrough  from  outside  the  chamber. 

In  experiments  to  evaluate  the  probe  performance,  the  probe  height  was 
adjusted  to  produce  a  gap  of  6-8  mm  from  the  sample  surface.  A  circular  sample 
defined  by  a  100  mm  diameter  aluminum  aperture  was  used  as  a  test  specimen. 

A  75  pm  thick  piece  of  Mylar  was  used  as  the  first  test  specimen.  The  accele¬ 
rating  voltage  was  set  at  20  kV  and  the  filament  current  at  approximately 
2.2  A.  The  actual  e-beam  current  density  at  the  sample  was  not  measured  for 
these  tests  but  previous  results  indicated  that  for  this  filament  current  the 
current  density  would  be  about  15-30  nA/cm2 . 

The  probe  head  was  moved  out  of  the  way  of  the  e-beam  and  the  sample  was 
irradiated  for  approximately  IS  seconds.  The  accelerating  voltage  was  then 
shut  off  and  the  probe  was  swung  across  the  sample  and  voltage  readings  were 
taken  every  one-eighth  turn  of  the  rotational  feedthrough.  This  corresponds 
to  a  movement  of  approximately  2.3  mm  on  the  sample  surface.  Figure  38  shows 
the  voltage  profile  obtained  after  the  15  second  exposure  to  the  20  kilovolt 
e-beam. 

The  sample  was  then  exposed  to  the  same  beam  until  a  discharge  occurred. 
The  discharge  under  visual  observation  appeared  to  cover  approximately  one- 
third  of  the  area  of  the  sample  and  the  arc  direction  was  normal  to  the 
direction  of  the  path  of  probe  head.  The  voltage  profile  obtained  is  shown 
in  Figure  39.  It  can  be  seen  that  the  area  which  discharged  corresponds  to 
the  visual  observation  and  has  a  considerably  lower  charge.  The  area  of 
lower  voltage  covers  about  one-half  of  the  sample  which  is  larger  than  the 
discharge  area  observed,  also,  the  area  of  the  sample  which  had  a  higher 
accumulation  of  charge  in  Fig. 38,  was  the  area  that  discharged. 

The  sample  was  again  exposed  to  the  same  e-beam  in  an  attempt  to  deter¬ 
mine  a  maximum  or  near-maximum  voltage  accumulation.  The  luminescence  of 
the  sample  was  observed  and  when  it  dimmed  to  a  point  where  a  discharge  was 
anticipated  the  beam  was  shut  off.  One  discharge  which  visually  appeared  to 
cover  the  complete  sample  area  occurred,  after  which  the  sample  was 
continually  exposed  while  observing  the  luminescence.  When  the  beam  was  shut 
down  the  sample  was  scanned  by  the  probe  and  the  resulting  voltages  were 
plotted  in  Figure  40.  The  maximum  voltages  obtained  were  over  -13  kilovolts 
but  the  half  of  the  sample  which  had  previously  discharged  remained  approxi¬ 
mately  20  %  lower. 

The  same  experiment  was  completed  on  a  50  ym  thick  sample  of  FEP  Teflon. 
In  Figure  41  which  is  the  voltage  profile  measured  after  45  seconds  of  beam 
exposure,  the  maximum  voltage  obtained  is  over  -13.5  kilovolts  and  is 


relatively  uniform  (within  10%)  across  the  sample  surface. 

Figure  42  shows  the  voltage  profile  of  the  FEP  Teflon  sample  immediately 
after  a  discharge  which,  under  visual  observation,  appeared  to  cover  the 
complete  sample  area.  The  voltage  profile  shows  that  almost  all  of  the 
voltage  build-up  shown  in  Figure  41,  has  been  eliminated  after  the  discharge. 

Figure  43  shows  the  profile  obtained  after  the  complete  discharge  and 
an  additional  1  minute  of  exposure  to  the  e-beam.  The  voltage  build-up  does 
not  reach  the  same  level  as  before  the  discharge  and  is  not  as  uniform. 

The  electrostatic  probe  with  some  minor  modifications  should  be  a  useful 
tool  in  measuring  the  voltage  profiles  of  £  sample  exposed  to  an  electron  beam 
The  sample  mounting  mechanism  is  built  to  rotate  the  sample  so  the  voltage  at 
any  point  on  the  surface  of  the  sample  can  be  measured. 


CM 

CM 

m 

1 — 1 — I 

Z/HflLF  WIDTH 


FREE  SPACE  CHC  CQNF  USED: 


-70.00  NC/CN»«2 


50.00  HICAONS 


I ON  SruT :  m=s.9  amu.  q=i  e,  eo=io.o  ev 

Fig. 4 


BERM  FOCUSSING 

.00  150.00  200.00  250.00  300.00  350.00 


Z/HflLF  wioth 


FREE  SPACE  CHG  CONF  USED: 


-70.00  NC/CR»»2 


50.00  MICRONS 


LAN  SPOT:  M  =  S .  9  RMU ,  Q=  1  E.  E0=10.G  EV 


Fig. 8 


FREE  SPRCE  CHG  CONF  USEO: 


Z/HRLF  WIDTH 


FREE  SPACE  CHG  CONF  USED: 

« - 


SO. 00 


-70.00  HC/CH»»2 


(MM)  ;  i 

60.00  BO. 00  100.00  120.00  100.00 


BERM  FOCUSSING 

0.00  8.00  16.00  211.00 


-0.60  -0.20  0.20 
Z/HflLF  WIDTH 


FREE  SPACE  CHG  CONF  USEO: 


-1000.00  NC/CKk»2 


SO. 00  MICRONS 


I GN  SPGT :  m=s.9  amu,  q=i  e,  eo=io.o  ev 


Fig. 15 


(MM) 

60.00  60.00  100.00  120.00  140.00 


FREE  SPACE  CHG  CONF  USEO 


so.  so  m 


-200.00  NC/CN*»2 


SO.  00 


X 

IQ N _ T Rfi£.K2. :  m=s.9  rmu.  q=i  e.  eo=io.o 


HICMNJ 


EV 


Z/HflLF  WIDTH 


FREE  SPACE  CHG  CONF  USED; 

50.00  MM 

i - 

-S.00  MC/CM»«2 


50.00  MICRONS 


I  □  N _ SPOT:  m=s  .  9  9MU 


i 


FREE  SPACE  CHG  CONF  USEO 


-70.00  HC/CW»»Z 


«- 

■>  ;*■ 


50.00  HW 


■» 


SO. 00  HlCftONS 

—  ■■■  — i  ak 


ION  TRRCKS:  m=i.o  rmu,  q=i  e.  eo=io.o  ev 


co¬ 

in 

Z/HfllF  WIOTH 


FREE  SPACE  CHG  CONF  USED: 


-70.00  NC/CH»2 


50.00  MICRONS 


tsr 


ION  SPQT  :  m=i  .0  AMU 


E0=  1 0 . 0  EV 


m 


POT  IV)  (X 


Z/HflLF  WIOTH 


FREE  SPACE  CHC  CONF  USEOs 


-10.00  NC/CN««2 


x 


1QN_SPQT:  M=  1.0  AMU,  Q=  1  I 


F 


FREE  SPACE  CHG  CO NF  USEO; 


VOLTAGE  PROFILE  ON  A  MYLAR  SAMPLE 


MYLAR  SAMPLE 


Sweep  (milUrnetei 


VOLTAGE  PROFILE  ON  A  MYLAR  SAMPLE 


VOLTAGE  PROFILE  ON  A  TEFLON  SAMPLE 

100mm  dla.  exposed  to  a  20kv  e— beam 


Sweep  (miMimeters) 


VOLTAGE  PROFILE  ON  A  TEFLON  SAMPLE 

100mm  dia.  exposed  to  a  20kv  e-beam 


APPENDIX 


Thickness  Scaling  for  Arc  Discharges  on  Electron- 
Beam-Charged  Dielectrics 

by 

K.G.  Balmain,  A.  Battagin,  and  G.R.  Dubois 

To  be  published  in  the  December  1985  issue  of  IEEE 
Transactions  on  Nuclear  Science. 


JL-J  ’#ek  -  #  '  ,  *N_8  »JB  4g  ».  . 


i  4  S  W  *  S—  •'*%.  ' 


THICKNESS  SCALING  FOR  ARC  DISCHARGES  ON  ELECTRON-BEAN-CHARGED  DIELECTRICS* 

K.G.  Balmain,  A.  Battagin,  and  G.R.  Dubois 
Department  of  Elaccrical  Engineering 
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Toronto,  Canada  MSS  1A4 


Abstract 

A  study  of  arc  discharges  on  various  thicknesses  of 
electron-beam-charged  Mylar,  FEP  Teflon  and  Kapton  shows 
that  the  peak  substrate  current  and  the  energy  dissi¬ 
pated  in  a  load  resistor  both  exhibit  maxima  at  a  parti¬ 
cular  thickness  of  the  order  of  SO  pa,  for  one  set  of 
experisient  parameters.  The  experiments  also  show  that, 
as  thickness  increases,  this  particular  thicknesa  is  the 
transition  from  near-constant  to  decreasing  released 
charge,  and,  for  Mylar,  from  decreasing  to  near-constant 
arc  duration.  This  transition  is  interpreted  as  being 
caused  primarily  for  thin  specimens  by  punchthrough 
formation  and  possibly  influenced  by  the  transition  from 
conduction-dominated  to  emission-dominated  charging. 
Additional  low-energy  ion  exposure  is  shown  to  weaken 
and  sometimes  eliminate  the  arc  discharges  without  ra¬ 
dically  altering  the  thickness  scaling.  At  low  fluxes, 
the  incident  ions  are  focussed  into  a  central  spot. 

Introduction 

The  accumulation  of  charge  and  the  threat  of  arc 
breakdown  on  exposed  spacecraft  dielectric  materials 
have  been  a  matter  of  concern  to  spacecraft  designers 
for  about  fourteen  years,  and  the  first  journal  review 
on  the  subject  was  published  by  Rosen  in  1976  [1].  In 
subsequent  years,  extensive  laboratory  simulation  has 
been  carried  out  in  order  to  study  both  the  charge  accu¬ 
mulation  and  arc  breakdown  processes,  processes  which 
have  been  reviewed  recently  by  Frederickson  [2].  Most 
of  the  laboratory  experimentation  has  been  done  on 
sheets  of  polymeric  materials  which  are  used  for  space¬ 
craft  thermal  control,  such  as  Kapton  and  Mylar  thermal 
blankets  and  Teflon  second-surface  mirrors.  The  thick¬ 
nesses  used  ranged  from  12.5  to  125  um,  but  to  date 
there  has  been  no  attempt  to  establish  the  inter-rela¬ 
tionships  between  phenomena  observed  on  specimens  of 
different  thicknesses. 

This  paper  addresses  part  of  this  problem,  namely 
the  variation  with  specimen  thickness  of  the  electrical 
properties  of  arc  discharges,  under  exposure  to  a  mono- 
energetic  electron  beam  of  fixed  current  density,  com¬ 
bined  with  a  low  energy  ion  beam.  If  one  wished  to 
model  accurately  the  magnetospheric  environment,  one 
would  have  to  use  appropriate  broad-spectrum,  low- 
current-denaity  sources  of  both  electrons  and  ions,  and 
the  results  of  such  an  experiment  would  no  doubt  be 
different  from  those  to  be  presented  here.  The  present 
objective  is  more  limited,  being  to  contribute  to  the 
process  of  tying  together  the  many  monoenergetic-elec- 
tron  experiments  that  have  been  done,  in  the  belief  that 
understanding  those  experiments  is  a  necessary  prerequi¬ 
site  to  the  study  of  more  complicated  situations. 

The  experiments  to  be  described  involve  a  polymer 
sheet  lying  on  a  flat  metal  substrate  and  covered  by  a 
close-fitting  metal  mask  with  a  circular  aperture.  The 
electrical  quantities  measured  directly  are  the  sub¬ 
strate  and  mask  currents  as  functions  of  time,  the 
method  employed  being  to  measure  the  voltages  across 
two  low-value  resistors  connected  respectively  to  the 
substrate  and  the  mask. 

•Work  supported  by  the  U.S.  Air  Force  Weapons 
Laboratory  through  AFOSR  Grant  84-0342,  and  by  the 
Natural  Sciences  and  Engineering  Research  Council  of 
Canada,  through  Operating  Grant  A-4140. 


Theoretical  Considerations 

A  dielectric  sheet  over  a  ground  plane  and  in  a 
vacuum  accumulates  surface  charge  when  exposed  to  an 
incident  electron  beam.  As  time  progresses,  if  not 
interrupted  by  electrical  breakdown,  the  surface  charge 
and  potential  both  approach  an  equilibrium  state  which 
corresponds  to  current  balance  involving  the  incident 
electrons,  the  backscattered  electrons,  the  secondary 
emission  from  the  dielectric,  and  the  conduction  through 
the  dielectric.  It  has  been  shown  [3]  that,  for  a  mono- 
energetic  incident  beam  in  which  the  current  density  J. 
actually  reaches  the  dielectric,  the  equilibrium  state1 
may  be  dominated  either  by  conduction  or  by  emission, 
the  transition  between  these  two  states  being  given  for 
Teflon  and  for  a  20  kV  beam  accelerating  voltage  by 


-  2  x  101*  volts 


in  which  d  is  the  dielectric  thickness  and  g  is  its 
conductivity.  The  transition  is  not  sharp  but  occurs 
gradually  over  as  such  as  an  order  of  magnitude  in 
J|d/g,  and  the  transition  point  is  not  significantly 
different  for  other  good  dielectrics  such  as  Kapton. 

For  a  constant  beam  accelerating  voltage,  the  conduc¬ 
tion-limited  state  is  characterized  by  the  surface 
potential  V  being  proportional  to  Jid/g  through  the  re¬ 
lation 

V  -  (1-SE-BS)  J^/g  (2) 

in  which  SE  and  BS  are  the  secondary  emission  and  back- 
scatter  coefficients.  The  emission-limited  state  is 
characterized  by  the  surface  potential  V  being  constant, 
that  is 

eV  -  (BE-KE2)  (3) 

where  BE  it  the  beam  energy  and  KE2  is  the  second-unity- 
crossover  emission  energy  at  which  SE+BS  »  1. 

Regarding  the  assumed  uniformly  charged  dielectric 
as  a  parallel-plate  capacitor,  one  may  take  the  charge 
to  be  Q"CV  where  the  capacitance  C  «  e  A/d,  A  being  the 
area,  and  one  may  take  the  scored  energy  to  be  EQ«CVJ/2. 
These  may  be  written  as  follows,  displaying  their  depen¬ 
dence  on  V  and  d: 

Q  -  c  A  V/d  (4) 

E  •  J  e  A  V*/d  (5) 

o 

It  may  be  assumed  that  a  discharge  involves  total  charge 
cleanoff,  which  is  known  to  be  approximately  true  for 
the  strongest  discharges^  then  Q  is  the  total  charge 
flow  to  ground  via  the  replacement  current  I  from  the 
metal  substrate  supporting  the  dielectric.  The  stored 
energy  E0  is  generally  much  greater  than  the  energy  E 
dissipated  in  a  low-value  load  resistor  connecting  the 
substrate  to  ground.  Making  the  tentative  assumption 
E  «  E0,  we  would  have 

E  «  V*/d  (6) 

The  released  charge  is  given  by  Q  »  fl  dt.  If  we 
assume  I(t)  is  a  symmetric  triangle  function  with  peak 
current  Ip  and  duration  between  half-current  points 
given  by  T,  then 


Q  -  I  T  (7) 

P 

With  the  sane  triangular  current  pulae  paasing  through 
a  load  resistor  of  R  ohms,  it  is  straightforward  to 
show  that 

E  -  (2R/3)  I  1  T  (8) 

P 

The  following  relations  are  deduced  from  (7)  and  (8): 

E/Q  -  (2R/3)  I  (9) 

P 

q*/E  -  (3/2R)  T  (10) 

Equations  (4),  (6),  (9)  and  (10)  plus  the  fact  that,  for 
constant  incident  current  density  J^,  conduct ion-1 imit- 
ing  implies  V  «  d  and  amiss ion- limiting  implies  V» con¬ 
stant,  together  make  it  possible  to  estimate  the  thick¬ 
ness  dependence  of  the  properties  of  the  arc  discharge 
as  shown  in  the  following  Table.  In  the  table,  the  be¬ 
havior  of  the  released  charge  Q  is  independent  of  any 
assumptions  related  to  E,  Ip  or  T.  However  the  predicted 
behavior  of  E,  Ip  and  T  with  variations  in  thickness  d 
depends  on  the  assumption  E  *  Eg.  Also  shown  in  the 
table  are  the  emission-limited  results  for  the  alterna¬ 
tive  assumptions  Ip<*l/d  and  I  «  1/d2  which  are  bated  on 
measurements  to  be  presented.  p 


Table  1 


Conduction-dominated 

charging 

(thin  dielectric) 


Ernies ion-dominated 
charging 


(thick  dielectric) 


E  «  E 

0 

E  « 

o 

I  «  1/d 

P 

v i/di 

Q  ■  constant 

q  -  i/d 

q  -  i/d 

q  -  i/d 

E  «  d 

E  -  1/d 

E  «  l/d’ 

E  «  l/d’ 

Vd 

I  -  const . 

P 

I  «  l/d 

P 

Ip«!/dJ 

T  «  1/d 

T  «  1/d 

T  •  consc. 

T  «  d 

This  table  shows  that. 

as  thickness 

increases. 

the  re- 

leased  charge  Q  will  change  from  a 

con* ten C  Co 

e  de- 

creasing  quantity  independent  of  any  assumptions  on  E 
or  I_.  This  table  also  suggests  that  the  energy  E  dis¬ 
sipated  in  a  load  resistor  will  be  a  maximum  at  a  tran¬ 
sition  thickness  given  by 


d  5  2  x  10*  g/Ji 


The  peak  current  Ip  and  the  pulse  duration  T  may  also 
exhibit  thickness  dependence. 

Experiment  Parameters 

A  beam  accelerating  voltage  of  20  kV  was  selected 
because  of  the  existence  of  data  on  many  experiments  at 
this  voltage.  A  beam  current  density  Jb  of  25  nA/cm1 
was  chosen  to  allow  the  accumulation  of  an  adequate 
quantity  of  discharge  data  in  a  reasonable  time, although 
this  current  density  is  one  to  two  orders  of  magnitude 
too  high  to  simulate  conditions  around  spacecraft  in 
synchronous  orbit.  In  the  laboratory,  the  actual  inci¬ 
dent  current  density  is  lover  chan  the  beam  current 
density  due  to  beam  spreading,  a  reasonable  approxima¬ 
tion  for  this  case  being  «  0.4  Jb  [4],  The  low-field 
conductivity  of  FEP  Teflon  at  room  temperature  and  Low, 
field  strength  could  be  of  the  order  of  10~a'  (ohm-cm) 
rising  to  a  value  perhaps  as  high  as  10"*  *  (ohm-cm)-1  at 
elevated  temperature  (-  400K)  and  as  the  internal  elec¬ 
tric  field  approaches  breakdown  strength  [4,5].  Under 
che  extreme  highesc-conductivity  conditions  the  tran¬ 
sition  thickness  would  be 


d  !  2  x  10  g/Ji 
5  20  urn 

(with  similar  results  expected  for  Mylar  [5])  which  is 
just  within  the  range  of  available  material  thicknesses 
these  being  12.5,  25,  50,  75  and  125  urn.  The  conduc¬ 
tivity  for  Kapton  could  be  of  the  same  order  of  magni¬ 
tude  or  higher  [6],  but  at  room  temperature.  Trying  to 
predict  the  transition  thickness  is  obviously  very 
difficult  due  to  extreme  uncertainty  about  the  conduc¬ 
tivity  at  the  point  of  breakdown  and  also  due  to  some 
uncertainty  about  the  degree  of  beam  spreading. 

The  experimental  configuration  was  the  same  as  used 
in  the  past  [7]:  it  consisted  of  the  dielectric  sheet 
specimen  sandwiched  between  a  flat  metal  substrate  and  a 
metal  aperture  mask  with  a  bevelled-edge  circular  aper¬ 
ture  of  area  15.9  cm1.  The  substrate  and  mask  were 
connected  to  the  metal  vacuum  chamber  walls  ("ground”) 
through  individual  2.5  ohm  resistors,  the  resistor 
voltages  being  used  to  deduce  the  substrate  and  mask 
currents  during  a  discharge.  The  electron  beam  was 
magnetically  deflected  through  approximately  90  degrees 
to  permit  direct  viewing  and  photography  of  the  speci¬ 
men.  Ion  exposure  was  also  available  using  a  small 
Lithium  oven  and  100-volt-accelerator  ion  extractor 
which  produced  a  broad  flood  beam  of  ions  at  a  current 
density  equal  to  10Z  of  the  electron  current  density, 
comparable  to  relative  ion  current  densities  used  in 
past  work  [8]  and  existing  in  the  magnetosphere  [9,10, 
11].  Before  the  experiments,  multiple  Faraday  cups 
were  used  to  measure  the  incident  current  density  dis¬ 
tribution  which  was  established  as  uniform  over  the 
mask  aperture  to  within  ±  15Z.  During  each  experiment, 
a  single  Faraday  cup  mounted  just  to  the  side  of  the 
mask  aperture  was  used  to  monitor  the  incident  current 
density  which  was  maintained  constant  to  within  ±  10Z. 
The  dielectric  specimens  were  used  in  the  state  "as 
received  from  the  manufacturer"  but  it  was  also  con¬ 
firmed  by  a  few  experiments  that  there  was  no  notice¬ 
able  effect  due  to  cleaning  the  specimens  with  trich¬ 
loroethylene  in  a  vapor  degreaser.  The  vacuum  pressure 
was  always  lower  than  9  x  10~‘  torr. 

The  primary  measurement  during  an  arc  discharge 
was  current  I  as  a  function  of  time,  the  peak  value  be¬ 
ing  designated  Ip.  The  current  was  integrated  to  give 
the  released  charge  Q,  and  the  square  of  the  current 
multiplied  by  the  resistance  (R  *  2.5  ohms)  was  inte¬ 
grated  to  give  the  energy  E.  The  current  pulse  dura¬ 
tion  T  was  measured  as  the  time  between  the  I  •  !  1. 
points. 

Experiment  Results 

The  results  for  thickness  scaling  are  presented  in 
Figs.  1  to  4.  Each  graph  displays  up  to  four  data 
curves  and  includes  short-form  designations  for  the 
curvet,  the  short-forms  having  the  following  meanings: 


Sub:e 
Mask  :e 
Sub:e+i 
Mask :e+i 


Substrate:  electrons  only. 
Mask:  electrons  only. 
Substrate:  electrons  plus  ions. 
Mask:  electrons  plus  ions. 


The  word  "maximum"  over  the  Q,  E,  and  Ip  graphs  is  an 
indicator  that  only  the  strongest  discharge  pulse  ob¬ 
served  for  each  case  contributes  to  the  data  presented. 
Graphs  for  data  averaged  over  all  discharges  were  also 
plotted  but  are  not  shown.  They  were  generally  similar 
in  shape  but  were  significantly  reduced  in  magnitude  by 
the  occurrence  of  punchchroughs  after  a  few  discharges. 
Among  the  "maximum”  discharges  analysed  the  only  cases 
that  exhibited  punchthroughs  were  the  following: 


2 


4 


C 


12.5  urn  Teflon  with  electron*  only 
(8  punch through*) , 

25  ua  Teflon  with  electrons  only 
(4  punchthroughs) , 

12.5  ua  Teflon  with  electron*  and  ion* 
(2  punchthroughs) , 


end  12.5  ua  Mylar  with  electrons  only 
(1  punch through) 


The  pulse  duration  graphs  displayed  are  of  averaged  data 
because  the  pulse  duration  is  deeerained  by  arc  propa¬ 
gation  velocity  and  therefore  is  not  strongly  influenced 
by  the  occurrence  of  punchthroughs.  Pulse  duration 
graphs  were  plotted  (but  are  not  shown)  for  those  dis¬ 
charges  having  the  largest  peak  currents:  these  graphs 
were  found  to  be  generally  siailar  to  Che  average  pulse 
duration  graphs. 


The  Mylar  and  PEP  Teflon  specimen  thicknesses  were 
12.5,  25,  50,  75  and  125  ua,  and  the  Kapton  specimen 
thicknesses  included  all  of  these  except  12.5  ua.  On 
the  graphs,  the  absence  of  data  for  an  available  thick¬ 
ness  indicates  that  no  discharges  were  observed  after 
an  exposure  period  of  at  least  30  minutes.  For  example, 
no  discharges  were  observed  on  any  of  the  Kapton  speci¬ 
mens  under  exposure  co  electrons  plus  ions,  nor  on  the 
25  ua  Kapton  with  electron-only  exposure.  Also,  the 

12.5  um  Mylar  did  not  discharge  under  exposure  to  elec¬ 
trons  plus  ions. 


point.  Thus  on*  associates  punchthrough  occurrence 
with  premature  and  therefore  relatively  weak  arc  dis¬ 
charges.  The  punchthrough  occurrence*  already  noted 
could  have  contributed  to  the  weaker  discharges  for  the 
thinnest  specimens  of  both  Mylar  and  Teflon,  and  there¬ 
fore  it  is  not  at  all  certain  that  the  measured  transi¬ 
tions  in  the  25  to  50  um  range  were  actually  caused  by 
the  theoretical  transition  between  conduction  and  emis¬ 
sion  domination  in  the  charging  process,  a  transition 
which  could  be  pushed  as  high  as  20  um  thickness  only 
by  the  assumption  of  improbably  high  conductivity  caused 
by  temperatures  of  the  order  of  400K.  Rather,  the  ex¬ 
perimental  evidence  of  punchthrough  formation  suggests 
that  localized  material  weakness  which  affects  thin 
specimens  preferentially  is  the  most  likely  cause  of  the 
observed  variation  of  discharge  properties  for  the  thin¬ 
ner  specimens.  For  the  thicker  specimens,  emission- 
dominated  charging  appears  to  be  the  main  factor  con¬ 
trolling  the  variation  with  thickness  of  the  discharge 
properties,  because  the  released  charge  was  found  to 
vary  with  thickness  as  predicted,  independent  of  whether 
the  initial  assumption  was  E  «  E0  or  an  observed  Ip  de¬ 
pendence.  The  measured  variation  with  thickness  of 
energy  dissipated  in  the  load  resistor  appears  to 
require  the  initial  assumption  that  the  peak  current  is 
proporcional  to  something  between  1/d  and  l/d’ .  The 
initial  assumption  E  «  EQ  appears  to  be  generally  in¬ 
appropriate  for  thick  specimens,  although  it  does  pre¬ 
dict  correctly  the  slope  of  the  pulse  duration  graph 
for  Teflon. 


Figures  5  and  6  show  typical  arc  discharges  on  the 
same  specimen  of  25  um  Mylar,  under  electron-only  irra¬ 
diation.  A  punchthrough  is  clearly  identifiable  as  a 
bright  spot,  and  essentially  the  whole  area  is  covered 
by  the  arc.  Figure  7  shows  a  luminescence  pattern  with 
102  ion  flux,  and  Fig.  8  shows  an  arc  occurring  under 
an  ion  flux  of  about  32. 

Discussion  of  Results:  Electrons  Only 

The  charge  graphs  appear  to  agree  well  with  the 
rudimentary  theory  presented,  and  there  is  also  a 
measure  of  apparent  qualitative  agreement  for  thin 
specimens  under  the  assumption  that  the  energy  E  dissi¬ 
pated  in  a  substrate  load  resistor  is  proportional  to 
the  stored  energy  E0.  For  thick  specimens  Che  slopes 
of  the  log-log  graphs  of  measured  data  are  shown  in 
Table  II,  with  the  two  values  in  parentheses  being  those 
for  Che  initial  assumptions  Ip«  1/d  and  Ip«  1/d* . 

Table  II 


Measured  (predicted)  substrate  graph  slope  magnitudes 
for  the  thickest  specimens  irradiated  with  electrons  only 


Mylar 

Teflon 

Kapton 


Charge 


Energy  Peak  Current 


1.1  (1,1) 
1.1  (1,1) 
1.2  (1,1) 


3.2  (2,3) 

2.7  (2,3) 

2.8  (2,3) 


2.0  (1,2) 
1.4  (1,2) 
1.3  (1,2) 


For  chin  specimens  the  comparison  is  more  random  and  is 
not  shown.  For  the  substrate  discharge  puls*  duration 
graphs  (electrons  only),  there  is  not  a  consistent 
similarity  between  the  experiments  and  the  predictions. 


The  predictions  sunsarized  in  Table  I  are  based  on 
the  premise  that  the  specimen  charges  up  almost  to  the 
equilibrium  state  before  a  discharge  occurs.  If  the 
first  discharge  on  a  previously  untested  specimen  exhi¬ 
bits  a  punchthrough,  then  experience  shows  that  the  dis¬ 
charge  is  weaker  than  might  be  expected,  presumably 
because  the  discharge  was  triggered  early  by  an  initial 
breakdown  at  a  point  of  weakness  (such  as  a  gaseous  in¬ 
clusion)  which  results  in  specimen  perforation  at  that 


The  measured  variation  of  pulse  duration  with 
thickness  indicates  that  the  thickness  of  the  specimen 
influences  arc  velocity.  Under  electron-only  exposure 
the  velocities  (mask  radius  divided  by  duration)  range 
from  0.5  x  10s  to  5.6  x  10s  m/s  for  Mylar,  from  1.8  x10s 
to  7.5  x  10s  m/s  for  Teflon,  and  from  2.8  x  10s  to 
5.0  x  10*  m/s  for  Kapton.  Arc  velocity  increase  with 
increasing  deposited  charge  in  very  thick  specimens  has 
been  reported  by  Erickson  and  Oakley  [12]  and  by  Cooke 
et  al.  [13]  for  very  high-energy,  short-duration  elec¬ 
tron  exposure  but  the  great  differences  in  experimental 
circumstances  make  comparison  with  the  present  work 
difficult. 

Discussion  of  Results:  Electrons  Plus  Ions 


The  electron-only  arc  photographs  of  Figs.  5  and  6 
(both  on  the  same  Mylar  specimen)  show  arcs  that  cover 
the  entire  exposed  dielectric  in  spite  of  the  existence 
of  localized  triggering  at  a  punchthrough.  Figure  7  is 
a  photograph  of  luminescence  only,  in  the  absence  of  any 
arc,  but  for  combined  electron  plus  102  ion  exposure. 

On  the  photograph  there  are  two  bright  regions  which 
require  explanation.  The  upper  bright  region  is  the 
specular  reflection  of  the  very  dim  red  light  from  the 
small  Lithium  oven  ion  gun.  The  lower  bright  region 
disappears  slowly  after  the  ion  gun  is  turned  off  and 
expands  when  the  ion  current  density  is  increased.  This 
bright  region  is  therefore  interpreted  as  a  region  of 
steady-state  ion  neutral ization  of  embedded  electron 
charge,  which  permits  the  electrons  to  approach  the  di¬ 
electric  unimpeded  and  produce  the  bright  region  by  im¬ 
pact  luminescence.  The  bright  region  is  approximately 
centrally  located  because  the  embedded  electrons 
produce  high  transverse  edge  fields  which  draw  the  low 
energy  ions  radially  inward  from  the  specimen  edge 
before  drawing  them  to  the  surface  in  the  middle  region 
of  the  specimen.  If  this  interpretation  were  correct, 
then,  in  order  for  steady-state  neutralization  to  occur 
in  the  bright  region  when  the  incident  ion  flux  density 
is  102  of  the  electron  flux  density,  the  exposed  speci¬ 
men  area  would  have  co  be  10  times  the  bright-region 
area.  In  fact  the  area  ratio  is  abouc  13,  close  enough 
to  10  to  lend  support  to  the  explanation  offered  above. 

Figure  8  shows  an  arc  on  a  specimen  exposed  to  a 


aw 


'’a*', 


somewhat  lower  incident  ion  current  deneity  which  was 
not  accurately  measured  but  estimated  at  3X  of  the  elec¬ 
tron  current  density.  In  the .photograph  there  is  an 
evident  tendency  for  che  arc  to  avoid  a  central  region 
whose  area  is  somewhat  smaller  than  the  bright  region 
already  discussed,  a  phenomenon  consistent  vich  the 
lower  ion  current  density  creating  a  smaller  charge- 
neutral  region  which  cannot  support  a  propagating  arc 
discharge . 

Conclusions 

Under  electron-only  exposure  at  one  value  of  inci¬ 
dent  current  density  (25  nA/cm2 ) ,  the  properties  of 
beam-induced  arc  discharges  on  polymer  sheets  scale  with 
sheet  thickness  in  a  manner  which  is  regular  and  similar 
from  one  material  to  another  indicating  that  a  transi¬ 
tion  occurs  around  50  um  thickness.  For  thick  sheets, 
the  released  charge  scales  in  accordance  with  a  predic¬ 
tion  assuming  that  the  charge  accumulation  process  is 
emission-dominated  and  that  the  released  charge  is  pro¬ 
portional  to  the  accumulated  charge.  A  corresponding, 
simple  prediction  of  scaling  laws  for  peak  current  and 
energy  dissipated  in  a  load  resistor  was  not  achieved 
due  to  insufficient  knowledge  of  the  discharge  mechanism, 
although  a  measure  of  consistency  between  peak  current 
and  energy  scaling  was  established  for  thick  specimens. 

For  thin  specimens  exposed  to  electrons  only,  the 
released-charge  scaling  levels  off  approximately  as  pre¬ 
dicted  by  assuming  that  the  charge  accumulation  process 
is  dominated  by  the  conductivity  of  the  polymer,  includ¬ 
ing  nonlinear  conductivity,  but  such  conductivity  would 
have  to  be  improbably  high  to  produce  a  transition 
between  conduction  and  emission  domination  in  the  20- 
50  um  range.  A  much  more  likely  explanation  based  on 
observation  is  that  the  levelling  out  of  released  charge 
for  Chin  specisiens  was  caused  by  punchthrough  formation 
and  subsequent  premature  discharging.  As  for  thin- 
specimen  peak  current  and  energy  scaling,  a  measure  of 
qualitative  agreement  with  experiment  was  achieved  by 
assuming  that  the  energy  dissipated  is  proportional  to 
Che  stored  energy  but,  again,  lack  of  understanding  of 
the  discharge  mechanism  prevents  the  establishment  of  a 
well-founded,  simple  prediction. 

Under  electron-plus-ion  exposure,  a  relatively 
bright,  steady,  luminescent  spot  was  observed  in  che 
central  region  of  the  specimen.  This  spot  was  avoided 
by  discharge  arcs  and  therefore  was  interpreted  as  an 
area  of  ion  impact  and  electron-ion  charge  neutraliza¬ 
tion.  The  reduction  in  arc  strength  due  to  the  ion  ex¬ 
posure  was  too  great  to  be  explained  simply  by  postula¬ 
ting  that  the  effective  specimen  area  was  reduced  by  the 
size  of  che  ion  spot.  Rather,  it  is  likely  that  enough 
ions  fall  outside  che  spot  area  to  reduce  significantly 
the  net  charge  accumulated  there.  With  ions,  the  arc 
discharges  are  weakened  and  sometimes  eliminated,  but 
che  thickness-scaling  graphs  are  not  greatly  changed  in 
shape.  Insofar  as  spacecraft  are  concerned,  it  appears 
that  low  energy  ions  from  che  ambient  plasma  could  be 
drawn  in  to  neutralize  partially  any  exposed  electron- 
charged  dielectrics. 
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